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The most popular method used in modern television 
receivers to synchronize the line frequency oscillator is 
the phase locked loop. Although in detail the circuits may 
vary considerably, the fundamental operation is the same. 
Any designer with a good understanding of phase locked 
loops in general and the required operating characteristics 
of television line frequency oscillators in particular, 
should be able to handle these circuits successfully. 

For color television signal transmissions in the United 
States, the line frequency (f}) is directly related to the 
color subcarrier frequency (f,.) such that: 
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Since fy, = 3.579545 MHz + 10 Hz, then the line period is 
given by: ~ 


H = 63.5555 + 0.0002 us 
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FIGURE 1 — Timing Detail of Line Sync Pulse (us) 


For satisfactory operating characteristics, the receiver 
must meet the following requirements: 


1. Dynamic Phase Accuracy: 

or—repetitive phase accuracy. If the phase of a scan 
line is shifted with respect to the preceding line, a loss of 
detail can occur. For a given video frequency, a half cycle 
error from line to line will cause a complete loss of infor- 
mation at that frequency. At the system limit of 4.5 MHz, 
this corresponds to a 0.111 ys timing error between adja- 
cent lines or a repetitive phase accuracy of 0.62 degrees. 
Should thermal noise be present in the signal, the miss- 
timing will be masked and much larger phase errors are 
tolerable. (See later discussions on noise performance.) 


2. Static Phasing: 

or—static phase error with the line oscillator at nominal 
frequency (f};). For monochrome receivers, this is deter- 
mined by the tolerable shift of the picture information 
with respect to the raster and may be as much as 1.5 us. 
For color receivers, it is generally much less (< 0.5 us) to 
permit gating the burst information on the back porch of 
the signal. 


3. Static Phase Error (with detuning): 

When the line oscillator is detuned from the nominal 
line frequency, the timing between the picture informa- 
tion and the receiver raster will change. For an inexpen- 
sive monochrome receiver, this error can be large (2 us for 
Ag = 300 Hz), particularly if the screen is overscanned and 
the picture escutcheon masks the sides of the raster. For a 
color receiver, the S.P.E. is usually smaller. Figure 1 gives 
the tolerance of the burst envelope on the signal back- 
porch and shows that the burst can occupy a 3ys ‘win- 
dow’ with respect to the leading edge of the sync pulse. 
The gating pulse for the burst channel is as narrow as 
possible to keep the chroma system noise bandwidth low 
and to prevent gating adjacent picture information or sync 
widgets. A gate pulse of 4us accurately centered when the 
line oscillator is at fy, will permit an S.P.E. of +0.5 us 
and yet maintain proper gating. Thus, for optimum per- 
formance, the S.P.E. over the detuning range of the line 
oscillator should be no more than +0.5 us. 
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FIGURE 2 — APC/AFC Loop Theory 


4. Hold-In Range: 

This is the total frequency deviation from f}, over 
which an already synchronized oscillator will remain in 
synchronism, with no interruption of the synchronizing 
signal. This can typically be from 600 Hz to 800 Hz but is 
not usually designed for and occurs as the result of other 
design considerations. 

5. Pull-In Range: 

This is the total frequency deviation of the line oscil- 
lator from fy, over which the receiver will remain in 
synchronism, even following a momentary interruption of 
the synchronizing signal. Expressed another way, it is the 
limits of free-running oscillator frequency from which the 
oscillator will pull into synchronism on application of a 
synchronizing signal. The required pull-in range will de- 
pend on the frequency stability of the line oscillator and 
the permissible static phase error. It is usually >+180 Hz. 
6. Pull-In Time: 

The time taken to synchronize from the limits of the 
pull-in range. Anything less than 1 second is considered 
instantaneous. 


Four parameters are of primary interest; the phase de- 
tector sensitivity, the oscillator sensitivity, the loop gain, 
and the filter transfer characteristic. 

1. Phase Detector Sensitivity (u): 

The phase detector compares the incoming synchroniz- 
ing signal with the line frequency oscillator signal and 
develops a control voltage that is proportional to the mag- 
nitude and polarity of the phase difference between the 
signals. If for a given phase difference at the phase de- 
tector of 6¢ a control voltage SE is generated, then the 
phase detector sensitivity is defined as: 


bE 
= 56 —, and is usually measured in volts/radian. 


Since we are dealing with rectangular sync pulses and the 
signal from the oscillator is usually integrated to form a 
linear ramp, the phase detector output 


E = po 
This is true over the stable operating region of the phase 
detector. (For further discussion of the stable and unstable 
operating regions, see Pull-In Range calculation on page 6.) 
2. Oscillator Sensitivity (6): 

If a voltage 5E at the control terminal of the oscillator 
produces a change of 5¢ in the free-running frequency of 
the oscillator, then the oscillator sensitivity (8) is defined 
as: 


etre = and the usual units are hertz/volt. 


3. D.C. Loop Gain (f,): 

When the oscillator. has a tuning error of Ar Hz, fia 
the required correction voltage at the contro] terminal of 
the oscillator is A¢/B. If the system is capable of produc- 
ing this correction voltage, the oscillator will remain in 
synchronism and the output voltage from the filter will be 
d.c. If the filter has a d.c. transmission of 100%, the phase 
detector output is Af/B and a static phase error of ¢ will 


exist between the inputs of the phase detector to maintain ~ 


this voltage. 


“ Ub = Ag/B 


Ar 
925g ———@ 
The quantity uB is defined as the d.c. loop gain (f) al- 
though its units are Hz/rad. 

It is clear that the S.P.E. is directly proportional to the 
error in oscillator free- -running frequency and is inversely 
proportional to the d.c. loop gain. The S.P.E. can be made 
as small as desired for a given tuning error by increasing 
the d.c. loop gain. However, note that the phase error @ 
thus far defined is the static or long term phase error. To 
determine the dynamic phase error, i.e., the effect of 
impulse or thermal noise of the loop performance, we 
must evaluate the loop filter characteristics. 

4. Filter Transfer Characteristic F( 

The low pass filter connected DD sieén the phase de- 
tector and the oscillator will have a significant effect on 
the loop performance. As this part of the system is the 
one most open to design adjustment, it should be fully 
understood. If single time-constant networks are used, it 





FIGURE 3 — Typical Filter Networks 


becomes impractical to achieve both small S.P.E.’s and 
small dynamic phase errors (low noise bandwidths) since 
the former requires a large value for f, and the latter a 
small value for f.. To avoid this compromise, more elab- 
orate networks are used. 

Both a) and b) are equivalent “proportional plus in- 
tegrai”’ networks. The output control voltage is propor- 
tional to the current through R plus the integral of the 
current in C. At any frequency, the ratio of the output 
voltage to the input voltage is: 


F 1 + ply h Ty =xRC 
©)" T¥pTy TQ =(1+x)RC 


Sci 1 + pxRC (2) 
'(P) 1 + (+x) pRC 


At d.c., the filter transmission F( = | and at high fre- 
quencies, the above expression reduces to X__ 

xo 
, AC gain ratiom= xX __ 
“DC x+1 
The parameter m becomes important in the design of satis- 
factory loops. 





FIGURE 4 — Filter Frequency Characteristics 


5. Dynamic Phase Error or Noise Bandwidth: | 

Noise can be specified by its energy content and fora 
flat energy spectrum impulse noise and thermal noise are 
quite distinct. The relative phases of the frequency com- 
ponents of impulse noise are related and not random, al- 
though occurrence is a random variable. For thermal 
noise, the relative phases of the frequency components are 
completely random and incoherent and this type of noise 
is the most difficult to reject. Therefore, most of the fol- 
lowing treatment is concerned with the rejection of ther- 
mal noise. However, methods to minimize the effects of 
impulse noise are also covered below in the selection of 
the filter components. 

The presence of thermal noise in the signal will cause 
random variations in the output phase of the voltage con- 
trolled oscillator. An excellent way of determining the 
ability of the APC loop to reject thermal noise is to meas- 
ure the noise bandwidth. This can be done by assuming a 


noise free input phase which has sinusoidal variation with 
time and calculating the corresponding output phase. If 
this is repeated over a range of frequencies, the bandwidth 
for which the loop has significant variations in output 
phase can be determined, i.e., the noise bandwidth has 
been found. 

For a loop that is initially phase locked, if the input 
phase changes to ¢; with a corresponding output phase 
change of 5, the resulting phase error of the system 


wo) = OF =e Qo 
and the phase detector 
output voltage is ud. 


For a filter transfer function of F(p)> the oscillator con- 
trol voltage becomes 


F(p) ue 


and the oscillator (with 
sensitivity 6) will attempt to change frequency by 


F(p) 27ub@ 


If frequency lock is to be maintained, the frequency shift 
of the oscillator must match the rate of change of the fil- 
ter output phase 


poy = F(p) 27 Ubd p=d_ 
df 


2T UB = 2 Ve = We 


or | pd + F(pyood = pd & 


This is the general D.E. for APC/AFC loops although its 
use for the asynchronous condition is subject to cértain 
restrictions given later. | 


. Pj = Po {14 
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Po Fp) 
.. The phase transfer ratio —— = ns 
7 $; Q\p) F(p) + Pla 4) 


Now for either of the filters shown in Figure 3, 


By. = 1 + pxRC putting RC =T 
(P) 1 +p (1tx)RC P = jw 

ere 2 

(QO «2(14x) T/we + jw (xT + 1/we) 


It is important to note the presence of we, in the above 
expression. While the filter can modify the control voltage 
applied to the oscillator, the final output phase will de- 
pend on the loop gain f,. The S.P.E. can be modified for a 
given detuning by changing f, alone. The dynamic phase 
error can be modified by changing either f, or F(p): or 
both. 
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The equivalent noise bandwidth is found by squaring the Q(c) 
curve and finding the rectangular bandwith of the same 
height enclosing the same area. (See also CER100, page 11.) 


FIGURE 5 


A plot of Q¢,,) against input frequency (noise fre- 


quency) will show the ability of the loop to reject thermal 
noise in the synchronizing signal. 

The integration is carried out from —° to +°° since the 
abscissa does not represent the absolute frequency of the 
noise but the difference frequency between the noise and 
the oscillator frequency as detected by the phase detector. 
The phase detector output does not distinguish between 
frequencies above or below the oscillator frequency. A 
term commonly used for APC loops is the noise semi- 
bandwidth fp. 


fan ae a [(o) | * df 


fo }?- l+w2 x2 T 
e 2 
fi -< ext] 24002) xT + Here]? 
Wo 


a 
.|1+—— 
pel * 9 


oe 4 (1+xTw.) © 
6. Other Synchronized Loop Characteristics: 

It should be clear from above that if x #0 (1) for 
a given value of d.c. loop gain to produce satisfactory 
static phase performance, two parameters are available to 


produce satisfactory dynamic phase performance (x and 
T). 


(if the filters of Figure 3 are simplified by pulling x = 0, 


iow AS 
then eq. G) reduces to fp» = A Since @ = oe then 
_ Aw 
ee ape 60 


Thus with x = 0 and a given detuning error, the S.P.E. 
and f,,, cannot be chosen independently. 





To obtain an idea of the best way to vary these param- 
eters, assume that $; and , are the voltage input and 
output of a low pass filter (Figure 6). 
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FIGURE 6 — Equivalent Voltage Transfer Filter 


Step inputs to this filter can easily cause ringing. The 
output, following a step change in input phase (from sig- 
nal source switching or a temporary spike of impulse 
noise) will assume a steady state following a transient. 


Po 

OF 

The steady state (particular solution) is ¢; — ¢9 = ¢. The 
transient (complementary function) is given by: 


Now, Q(p) = 


ait. 


=() 
Xp) 
ie., (1+x) Tp? + (1+xTw,) p + we =0 


Solving for p, we have: 


- —(1+xTwe)+ y (14xT uae)? —4(1+x)Tw¢ 6) 
24x) 


The real part of (6) will give the natural undamped reso- 
nant frequency of the loop. 


V 41 tx)Twe. 


“n> 9(14x)T 









The quantity under the root sign in equation (6) will 
determine the response of the loop to a step input. For 
critical damping, this quantity will be zero. 


If we define a damping coefficient K = A(1+x)T oo 
c 
then, K = 1 and the Joop is critically damped. 
K > 1 and the loop is overdamped. 


K <_ 1 and the loop is underdamped and a period 
of oscillatory ringing will occur. 


The values of wy and K will have a significant effect on 
the loop synchronous performance. If w, is low K>1, the 
system may take an appreciable time to reach a stable 
state following a change of input phase. Therefore, there 
will be little transient disturbance from impulse noise be- 
cause of the sluggish reaction of the loop. However, if the 
input phase changes as a result of airplane flutter, the loop 
may respond too slowly to produce satisfactory tracking 
of the input signal. Also, the pull-in from an asynchronous 
condition may be sloppy and slow. Conversely, if w, is 
increased and K < 1, the loop can respond very rapidly to 
incoming phase changes, but may be unstable with oscil- 
latory ringing when impulse noise is encountered. Suitable 
design values will depend on the required characteristics 
and the interaction of the APC loop with other sub- 
systems in the receiver and these will be discussed in detail 
later. In general, it can be assumed that x << | and xTw, 
>> 1 so that the formulae derived above can be 
simplified. 
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7. Asynchronous Performance of the Loop: 

As the tuning difference (Af) between the oscillator 
free-running frequency and the incoming synchronizing 
signal increases, a larger static phase error is required at 
the inputs to the phase detector to maintain synchronism. 
Eventually, the phase detector output will stop increasing 
as the S.P.E. increases and the limit of hold-in will be 
reached'2), Should a further increase in Af occur, the 
system becomes unstable and falls out of lock. 

When the loop is out of synchronism, the phase de- 
tector will have two regions of operation (see Figure 7). If 
the sync pulse coincides with the steep slope of the inte- 
grated pulse from the V.C.O., this is the normal or stable 
operating region. The loop gain (f,) is large and positive. 
When the sync pulse coincides with the more shallow 
slope of the sawtooth, operation is in the unstable region 
and the loop gain is much lower and negative. 


Ww) 
(2)The Static Phase Error d= at and @max. = a 
c 


(¢, = width of stable operating region of the loop.) 
, | fobs 
-. Maximum hold-in range Afjnay. = > 


Notice, however, that the phase detector outputs al- 
ways operate to reduce the period of the beat note pro- 
duced by the frequency difference between the sync and 
sawtooth. Hence, the beat note is very asymmetrical and 
has an average d.c. output at the filter terminal. As Af 
decreases, the average d.c. voltage will build up on the 
filter capacitor until pull-in is achieved. 
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FIGURE 7 


If the maximum output from the phase detector is + E 
(obtained at points a and b on the sawtooth), then for the 
stable regions 





and for the unstable region Ou 


_' = 2 BE 
C Py 
* fobs = P'obu 


Two assumptions are implicit in the above: (1) the 
oscillator sensitivity (6) remains constant over the range of 
control voltages produced by the phase detector, and (2) 
the integrated fly-back pulse is a linear ramp. For a typical 
diode bridge phase detector, the width of the narrow 
slope of the sawtooth is the stable region. However, the 
above expressions will still hold even if this is not the case. 
Should the phase detector output limit at a’ and b’ on the 
slope, the areas under the loop gain curve are reduced 


correspondingly with new stable and unstable regions ¢', 
and ¢',, (this limitation could also be caused by the in- 
ability of the oscillator control to change the oscillator 
frequency close to the peak phase detector output volt- 
ages). For an integrated circuit phase detector, the 
MC1391, the phase detector output is limited to the 
sync-pulse width since it is a sync-gated system, i.e., d, = 
4.75 ps. 

When the loop is out of lock, a steady beat note output 
results from the phase detector. For a simple resistive fil- 
ter (with no capacitors), the beat frequency would be 
constant and no pull-in would occur, but for the filters of 
interest the d.c. component of the waveform tends to 
reduce the mean tuning error. Thus at any time, the free- 
running frequency of the oscillator in the absence of syncs 
will be greater than the off-set frequency obtained when 
the loop is closed. Notice, however, that as the detuning 
error increases, the waveform becomes more sinusoidal, 
reducing the d.c. component and the pull-in effect. 
Should the mean value of the d.c. component be found in 
terms of its frequency shifting capability, we can find the 
pull-in range and the pull-in time from any frequency 
within the pull-in range. 


As shown in Appendix H, the maximum pull-in range 
Ar max is given by: 





ifm<< ] 

The above expression, together with the formulae pre- 

sented in , will completely specify the important 

characteristics of the conventional horizontal APC/AFC 

loop. The next section will cover the practical design use 

of these formulae, and detail instances of departure from 
the ideal case. 
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FIGURE 8 — Detector Beat Notes 





It should be apparent by now that the design of a 
satisfactory APC/AFC loop is not as straightforward as © 
the simple block diagram of Figure 2 might have sug- 
gested. Five formulae are needed to define the character- 
istics of the loop and these formulae are not mutually 
independent. The designer has only three parameters that 
he can vary to fit all these formulae and meet his circuit 
needs. Further, his needs may change depending on the 
type and performance of circuits internal to the loop and, 
to complicate matters more, of circuits external to the 
loop. An obvious example of the former is the oscillator 
stability which will be a prime factor in determining the 
pull-in range required, and an example of the latter is the 
Static Phase Error permitted for correct burst gating in 
the chroma channel. If the burst is sync gated, then the 
S.P.E. requirement may not be as stringent although large 
oscillator drifts could result in high d.c. loop gain being 
needed that will also produce small S.P.E.’s. 


Other factors that must be entered into the design con- 
cern the expected environment of the loop, both within 
the receiver and in the type and quality of the signals that 
will be received. Should the receiver manufacturer have a 
reputation for high performance in fringe reception areas, 
then he will be very concerned with thermal noise per- 
formance and the APC/AFC loop will tend to have small 
noise bandwidths. Alternatively, if the manufacturer is 
more concerned with urban reception, particularly near 
large airports, the loop will probably need to be high 
speed to track phase variations. More likely, the manufac- 
turer will want the receiver to perform well everywhere 
and compromises must be made. 

Within the receiver the characteristics of the loop will 
depend on the sync source and, for gated a.g.c. systems, 
the performance of the a.g.c. loop, especially when the 
horizontal oscillator is temporarily out of synchronism. 
Many loops use a dual diode arrangement for the phase 
detector and the sensitivity of this type of detector (see 
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Appendix) depends on the amplitude of the smaller of the 
two waveforms applied to it. The reference sawtooth 
waveform from the sweep circuit is usually chosen so that 
the phase detector sensitivity will not change with adverse 
signal conditions that affect the syncs. With a fixed oscil- 
lator sensitivity, the required d.c. loop gain can be ob- 
tained by changing the reference sawtooth waveform 
amplitude. For high loop gains and maximum flexibility, 
this means that the sync amplitude should be large—a re- 
quirement that can be difficult to meet in a 12 V. battery 
operated set. Alternatively, the effective amplitude of the 
sawtooth can be raised by using an active shaper network 
to increase the slope of the sawtooth. 

A slow a.g.c. loop can seriously modify the apparent 
performance of the loop. If airplane flutter causes signifi- 
cant changes in the video detector output level and the 
sync separator is too slow to follow these changes, then 
the varying slice level will cause phase shifts at the input to 
the loop (see CER105). Also, when the line oscillator is out 
of lock, the gating pulse will activate the a.g.c. system dur- 
ing the video portion of the signal. This tends to make the 
a.g.c. loop increase the gain of the R.F. and I.F. amplifiers. 
Conversely ,when the gate pulse and sync pulse coincide, the 
a.g.c. loop will attempt to reduce the R.F. and I.F. ampli- 
fier gains. The detector output that results from this proc- 
ess is modulated with a ripple corresponding to the 
frequency difference between the horizontal oscillator 
and the sync waveform. If the ripple amplitude is large 
then ‘holes’ will appear in the separated sync. The phase 
detector output beat note will be modified by these 
‘holes’ and the mean d.c. voltage generated will be 
reduced causing a reduction in the oscillator pull-in range. 
This effect should be particularly noted when comparing a 
solid state receiver with an earlier tube or hybrid design. 
The introduction of I/C’s into the receiver to perform the 
a.g.c. function (e.g., MC1345/44) has meant that coin- 
cidence of the sync and flyback pulse is necessary to gate 
the a.g.c. Since erroneous gating does not occur during the 
video portion of the signal, the detector level remains 
much more constant and wider pull-in ranges approxi- 
mately the theoretical maximum (equation 11) are 
obtained. 

A popular method of assessing the pull-in range is to 
offset the oscillator while syncs are applied to the loop. 
The 60 Hz component in the sync waveform is usually 
enough to cause a side-lock at multiples of the field fre- 
quency and the pull-in range is noted as the last side-lock 
on either side of 15.734 KHz from which the oscillator 
pulls into synchronism. Since the ripple at the detector 
increases as the oscillator approaches 15.734 KHz (the 
a.g.c. gate samples video for longer periods), the 
APC/AFC loop will get very little sync information and 
the beat note pull-in effect is correspondingly weak. Thus, 
for a tube design, the pull-in range obtained by the above 
method is close to the actual free-running frequency from 
which the oscillator can be locked. By measuring the 
picture offset on the CRT at the pull-in limits, the maxi- 
mum stable phase error the system will tolerate is also 


found. However, with a solid state receiver using an 
improved a.g.c. system, a strong beat note (but no ripple 
at the detector) is generated when the APC/AFC loop is 
out of lock and the side-lock frequency limits at pull-in 


are significantly lower than the oscillator actual free- 


running frequencies at pull-in. Since the true pull-in range 
is not observed, the S.P.E. over the pull-in range obtained 
by the above method will be larger than a similar design 
with a poor a.g.c. system 3). 

Another characteristic of the APC/AFC loop that will 
depend in a large measure on the external circuitry is the 
required noise bandwidth. The effect of random noise in 
the sync waveform is to cause the position of individual 
picture elements to vary from instant to instant. The 
larger dynamic phase error that can be tolerated will de- 
pend on many subjective factors. For example: At the 
same time noise appears in the sync waveform, it will also 
be present in the video masking the true position of the 
picture elements. A moving picture or smaller screen size 
will also change the appearance of thermal noise. 

In fact, when the video becomes unuseable at the 
picture tube because of the noise interference, then the 
signal to noise ratio at the detector can be considered the 
system limit. As far as the sync circuits are concerned, the 
received bandwidth can be reduced without seriously 
modifying the sync waveform. This will improve the signal 
to noise ratio for the sync signal with a corresponding 
reduction in the dynamic phase error under limiting con- 
ditions. 

If we treat the syncs as a trapezoidal waveform, the 
contribution of each harmonic to the effective timing 
information can be calculated. This is shown in Figure 9 
and it can be seen that 90% of the timing information is 
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FIGURE 9 


(3)The reduction of the pull-in range vs. a.g.c. loop fre- 
quency response has been dealt with in the literature. 
However, the use of fast sync separators and the supe- 
rior characteristics of I/C a.g.c. loops will probably 
make further investigation academic in nature. 
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FIGURE 10 (a) 


contained in the first nine harmonics of 15.734 KHz--a 
bandwidth of approximately 140 KHz. The bandwidth of 
many tube and hybrid designs has been as low as 100 KHz 
(determined primarily by the sync separator device) and 
this provides 87% of the available timing information with 
good thermal noise immunity. A typical solid state 
receiver has a bandwidth in excess of 1 MHz (determined 
by the circuits preceding the sync separator) and the noise 
bandwidth of the APC/AFC loop may have to be reduced, 
or further filtering in the sync channel before sync separa- 
tion may be necessary to provide comparable thermal 
noise performance. 

The approach to an APC/AFC design for a television 
receiver can take several different paths. For example: 
The design problem may simply be modification of a cir- 
cuit to remove an undesirable characteristic caused by a 
faulty design, production spreads or a new operating 
environment. Cost reduction may be the objective, or 
adaptation of an existing circuit to a new chassis design. 

Should any of the above conditions be encountered, 
the best starting point is to fully evaluate the fundamental 
characteristics of the present circuit. This naturally in- 
cludes measurements of the oscillator and phase detector 
sensitivities. Those are usually quite simple to make and 
may require just disconnecting the phase detector output 
from the voltage (or current) controlled device in the 
oscillator circuit. Sometimes the loading of the oscillator 
circuit on the phase detector may have to be duplicated 
(particularly with solid state circuits) or the effect of load- 
ing allowed for. Since linear operation of practical circuits 
is rarely encountered, the characteristics should be meas- 
ured over the expected operating range of each block. 

Figure 10(a) and (b) shows the measured sensitivity 
curves of a solid state monochrome receiver. In this par- 
ticular case, asymmetrical pull-in was the problem and the 
cause is the change in oscillator sensitivity producing a fall 
in d.c. loop gain as the oscillator free-running frequency is 
lowered. Relocation of the d.c. operating point of the 
oscillator at 15.734 KHz is the solution (the dotted line 
on Figure 10). 

Notice that the product of the two slopes will give 
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FIGURE 10 (b) 


the circuit d.c. loop gain. This will define the Static 
Phase Error as the oscillator drifis. For this particular 
circuit, a drift of +180 Hz would produce an S.P.E. of 
+1 ps. Clearly, if this design were to be adapted to a colar 
receiver, the loop gain would have to be raised. Obviously, 
the amount of loop gain increase required will depend on 
the drift characteristics of the loop. Before any efforts are 
made to change the loop gain, the oscillator frequency 
variation with temperature and supply voltage Should be 
measured and the effects of aging estimated. The lower 
operating ambient temperature of a solid state set means 
that the temperature/frequency drift can be held to less 
than +190 Hz, including the turn-on warm-up drift. Wher- 
ever possible, if increased loop gain is still needed, the 
most stable circuit block should be changed or increased 
drift will result. 

When further cost reduction will seriously impair the 
circuit performance, or the circuit already cannot meet 
the full performance capability of the simple APC/AFC 
loop, other circuits or a complete new design may have to 
be investigated. 

One excellent solution to the problem of low cost 
combined with full performance can be provided by an 
integrated circuit, either in combination with other circuit 
functions or simply as an APC/AFC block. Several I/C’s 
performing this function are available and one circuit, the 
MC1391P, will be used to demonstrate the use and univer- 
sality of the preceding theoretical analysis. The MC1391P 
is well suited for this purpose as its parameters are stable 
and well documented. Although it is an I/C, it is very 
flexible with an external filter and externally adjustable 
loop gain allowing any performance characteristic, within 
the limits of the simple APC/AFC loop, to be obtained. 
(See Figure 11 and Appendix) 

The operating characteristics of the MC1391 are easily 
calculated (Ref. 5), or they can be measured. The oscil- 
lator sensitivity is best expressed in amps per radian as this 
is a current controlled device, and can be measured by 
disconnecting the phase detector output (pin 5) and 
noting the current through the filter resistor R into the 
oscillator timing pin (pin 7). This current can be positive 


or negative corresponding to the direction of the oscillator 
frequency offset. Note, however, that the oscillator sensi- 
tivity is dependent on the impedance at pin 7 and can be 
increased by raising the value of the timing resistor (with a 
concomitant reduction in the capacitor value to keep the 
same time constant). This is the method by which the 
circuit loop gain can be changed to suit the design aims. 
Since the oscillator characteristic around the centre fre- 
quency of 15.734 KHz is very linear, the phase detector 
sensitivity can be determined simply by producing a 
known phase error between the sync and flyback pulses 
and noting the resulting oscillator free-running frequency 
to produce this error when the phase detector is discon- 
nected. The measured oscillator characteristic will then 
indicate the phase detector offset current for this phase 
error. In a more general case, the oscillator characteristic 
may not be linear (see Figure 10a) and the above method 
would not give a direct evaluation of the phase detector 
characteristic and a more complicated method must be 
resorted to. A typical set-up is shown in Figure 11 where a 
generator is used to provide the flyback pulse and is also 
phase-locked to a second generator which provides the 
sync pulse. By using the advance/delay pulse output from 
the second generator, the inputs to the phase detector can 
be varied by known phase differences and the detector 
output current measured. This method has the additional 
advantage that any loading by the oscillator on the phase 
detector is retained for a true operating characteristic. The 
phase detector characteristic of the MC1391 is also very 
linear with the end points occurring at the edges of the 
sync pulse as this is a sync gated detector. Notice that the 


Trigger 
Pulse 


Trigger 
Generation 
Output Pulse 
= 100 V @ 
15.734 KHz + 
12 ws Duration 
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Operating range of the diode detector in Figure 10 is 
nearly +6 ys—or the flyback pulse width. For that loop, 
the stable operating region is determined partially by the 
oscillator characteristic rather than wholly by the phase 
detector as it is with the MC1391. 

Once the phase detector characteristic is known, it is 
an easy matter to select the oscillator impedance for the 
oscillator sensitivity required to produce sufficient circuit 
d.c. loop gain. How much loop gain is sufficient will de- 
pend on several factors. 

Primarily, there must be enough gain to maintain the 
Static Phase Error within defined limits, ideally +0.5 us 
for a flyback pulse gated chroma channel. Because the 
oscillator section of the MC1391 is designed for a nominal 
zero temperature coefficient, the free-running frequency 
can drift in either direction from 15.734 KHz. Over a 
30°C operating temperature range, the drift can be as 
much as +25 Hz. The external frequency determining ele- 
ments will add another +75 Hz drift if the hold control is 
typically 10% of the total timing resistance (polystyrene 
and polyster capacitor +100 p.pm/°C, Cermet Pot 150 
ppm/°C and NC5 resistor). Apart from temperature drift 
of the oscillator an S.P.E. can be caused by the per- 
missible transmitter tolerance for fy, and sometimes 
CCTV applications must be considered, adding another 20 
to 30 Hz. Finally, operator error must be included, that is 
the possibility of an incorrectly set hold control either by 
the factory or by the serviceman/customer. | 

The advantage of an R-C oscillator, from the I/C de- 
signer’s viewpoint, is that both timing and oscillator con- 
trol can be achieved with a single pin-out. For the set 
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FIGURE 11 — Test Set-up for Measuring Oscillator and Phase Detector Characteristics 


manufacturer, it avoids the use of a large inductor that 
may be subject to pick-up from toroidal yokes, for exam- 
ple. However, unless an expensive multiturn pot is used, 
the entire operating range of the oscillator is covered in a 
320° rotation of the hold control. If the control capa- 
bility is +750 KHz, then each degree of rotation will 
change the oscillator frequency by 4.7 Hz. When an L-C 
oscillator is used, the t.p.i. of the inductor core can be 
used to limit the frequency change for a single 360° rota- 
tion of the hold control, thus making a relatively insens:- 
tive setting. 


vor! Case Internal External Trans- 
Oscillator mitted Operator 
ae =Temp + Component + 
Deviation ; ; Toler- Error 
Drift Drift 
From fy ance 
=25Hz +75 Hz +30 Hz +60Hz = 190 Hz 


Notice that the warm-up drift is not included in the 
above figure. This is the drift that occurs during the first 
few minutes after turn on as the I/C package temperature 
stabilizes to the 25°C ambient. It is not included since the 
hold control is usually adjusted after this period and 
unless it exceeds the pull-in range of an ‘instant on’ re- 
ceiver, it cancels out and is not noticed. 

The minimum loop gain is now defined by the per- 
missible phase error over this frequency duration. Use 
equation 


0.5 x 27 7 190 
63.5 ie 


-. f. = 3840 Hz/rad. 


The drift characteristic has also defined the minimum 
pull-in range that can be tolerated and usually, if other 
dynamic performance characteristics are to be satisfac- 
tory, the value of loop gain given above is insufficient 
to guarantee pull-in over +190 Hz. Also, the oscillator 
sensitivity and the phase detector sensitivity are subject 
to component tolerance and manufacturing tolerance and 
the loop gain must be in excess of 3800 Hz/rad to ensure 
that the S.P.E. will be maintained below 0.5 us. It is a safe 
assumption that at least 50% more loop gain than the 
minimum will be needed. 


fe = wB = 6000 Hz/rad. 


Now the frequency deviation can be as much as +300 Hz 
for acceptable phase performance. 


The phase detector sensitivity of the MC1391 is nomi- 


nally: 


u=1.6x 10-4 A/rad. 


(assuming a sync pulse deviation of 4.7 us, 
i.e., by = 4.7 x 0.095 = 0.46 rads.) 


Therefore, the required oscillator sensitivity B = 37.3 x 
10© Hz/A. 
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MC1391 


FIGURE 12 — MC1391 Filter Circuit 


To obtain this sensitivity, the timing resistor at pin 7 
must be 12 K&2 when the free-running frequency is_ 
15.734 HKz, which will give a timing capacitor value of: 


eee een ee eer 
13% 10-6" i 


The next part of the design procedure, the filter network, 
can appear somewhat arbitrary in nature as this is the area 
in which a designer can emphasize one performance char- 
acteristic but only at the expense of others. 

Before making a first-cut try at the design, it should be 
noted that the resistor R between pins 5 and 7 can have a 
significant effect on the loop other than its function as 
part of the filter. 

Earlier it was stated that the stable operating region of 
the phase detector in the MC1391 is confined to the 
width of the sync pulse. With the value of loop gain 
chosen previously, this means that the hold-in range of the 
oscillator can be as much as: 


+2.35 x 27 x 6000 
63.5 


~ +1400 Hz 


and obviously if higher loop gains are needed for the 
synchronous performance, it will become possible for the 
oscillator free-running frequency to deviate even more 
from 15.734 HKz at the hold-in limits. The full hold-in 
range can be realized, of course, only if the loop remains 
linear over the stable operating region. Should the value of 
R be large, then the available voltage swing at pin 5 will 
not permit the full phase detector current to be applied to 
pin 7, i.e., the phase detector will saturate. Reducing the 
hold-in frequency limit can be desirable and making the 
value of R fairly large to do this is a useful technique. 
(For a discrete circuit actively shaping the reference saw- 
tooth to increase its slope or using limiting diode clamps 
on the oscillator control pin will have the same effect.) 
When a step input phase change is applied to the loop, 
the response should be as rapid as possible to reach the new 
equilibrium. Two characteristics of the loop will define 
how far it can respond, the natural resonant frequency 
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FIGURE 13 — Jitter Generator 

and the amount of overshoot permitted when the correct Choosing a high natural resonant frequency of 250 Hz 
phase has been reached. Both of these characteristics can means that x should be selected to minimize the noise 
be ideally demonstrated by using a Jitter Generator. This bandwidth. 
generator is inserted into the video channel of the rf. 
modulator used to supply a signal to the receiver and it From equation eS 


introduces (typically) a 3 us delay during one field and 





then switches back to an undelayed signal on the next d 1 C oe 
—(f,,) = — + —= 0 for a minimum. 

field. dx nn 4 x2T 4 

This switching between delayed signal and undelayed 
signal will cause a vertical line in the video to trace the 
transient response of the loop on the CRT of the receiver. ie X= i 

. ; cae “ W.T 

A typical response is shown in Figure 14. C 


An ideal response would be one that approached equi- 
librium as fast as possible without overshooting or 
‘hunting.’ This indicates that the damping should be criti- 
cal and the natural resonant frequency high, but this will 
result in a system with high a-c loop gain corresponding to 


From equation , this produces a value of 0.25 for K. 


W,. = 2717x6000 = 37699 rads/sec. volt 


large noise bandwidths. The effect of a fast recovery with and Wy = 217x250 = 1571 rads/sec 
lower natural resonant frequencies and acceptable noise 

bandwidths can be obtained by allowing some overshoot . | We 

to occur. Usually the recovery from the transient should If x is small, then W, = ae 


be complete within 1/3 to 1/2 of the field scan period. If 
a single overshoot is permitted, this will tend to limit the 





natural resonant frequency to a maximum of 363 Hz or T= S077. = 0153 
250 Hz, respectively (more than one overshoot during the (1571)2 —— 
recovery time indicates high natural resonant frequencies 
and large noise bandwidths with the chance of ringing to ie oe l = (0.0417 
occur on impulse noise). 37699 * 00153) 
x 
“m= oy = 0.04 





If we decide to limit the hold-in range to +1 KHz then the 
linear operating region of the phase detector @ must be 
limited to: 
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The phase detector average current change = Ud, = 


FIGURE 14 — Typical Transient Display on a CRT 1.61 x 10-4 x 0.33 = 0.053 mA 
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Since the available voltage swing at pin 5 before saturation 
occurs is 5.8 V, then: 


D8 


=". ~ 11/0 KQ 
0.053 x 10-3 


“Put R= 100 KQ:..xR=42K~3.9 KQ 


With these practical values, x = 0.039 and m = 0.038 


C=!/p =0.15 uF 


The maximum possible pull-in range is given by equa- 
tion 


if 2 x 0.46 x 6000 0.038 


ars 3 +0.038 


= + 354 Hz 


From equation (GS) 


Inn 4 x 0.039 x 0.015 


= 795 Hz 


The response time to recover from a step input is given by: 


log, 0.1 a lees 
ia ee where a= Ax) 
Le., t= 3us = 739.6 





This example effectively shows the compromises in- 
volved in the design of an APC loop. In aiming for a fast 
responsive loop with a quick recovery time to give opti- 
mum tracking of incoming phase variations (airplane flut- 
ter, etc.), we have obtained a loop with a noise bandwidth 
about twice what it should be. The stability of the sync 
when the incoming signal is heavily contaminated with 
thermal noise may be considered unsatisfactory; a contin- 
ual jitter or “rubber banding” will be evident on the CRT. 
Also, because of the high a-c gain and very low damping 
of the loop, impulse noise will cause ‘tearing’ as the loop 
attempts to follow the transient changes produced by the 
impulse noise. 

To improve the design with respect to the noise per- 
formance, several things can be done—the problem is to 
decide which changes will have the least effect on the 
other loop characteristics. 

If the AC/DC gain ratio is reduced by changing x, the 
pull-in range will be reduced also. A safer course is to de- 
crease the natural resonant frequency of the loop by mod- 
ifying T, and a suitable design is shown in Figure 15. 
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MC1391 


FIGURE 15 


The d.c. loop gain has been increased slightly to: 


~ 1.61x10~4x13.9x 10x 15734 
Ca ae 


= 7040 Hz/rad. 


To limit the hold-in range to +1 KHz, 


R= 150 KQ xR = 3.3 KQ 
x= 0.022 , m= 0.0215 


T= RC=1X10-©x 150 x 102 =0.15 


The lower loop time constant reduces the natural resonant 
frequency to 85 Hz and the damping coefficient K = 0.8. 


_, , (0.022) 0.15 x 2m x 7040 _ 
fan = "4x 0.0022x0.15 


The pull-in range is slightly lower at +315 Hz, and the re- 
covery time from a step transient is 4.8 us. 
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APPENDIX A 


1 radian = 57.296 degrees 


fyy = 15.734 KHz 


T = 63.5 psec. 


1 us at fpy = 5.699 degrees = 0.0989 radians 





APPENDIX B 


Loop Recovery Time From a Step Transient. 
The D.E. of the loop can be written: 


(1+xTw,)p W. 








24 z 
P (1+x)T * (1#x)T 
Kes: p2 +2ap+c=0 
The envelope 
decay = K,~ 2! 


The envelope decay = K,~! 


where K is proportional to the initial step amplitude. 


I+xTw, 


8 9(14x)T 


Therefore, the time to decay to 10% of the initial offset is 
given by: 


eat = 9] 


log,0.1 
{=—— 


= 


2.303 
~ (1+xTw,) 
2(1+x)T 
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Spectrum of the Horizontal Sync Waveform. 


For a trapezoidal waveform of amplitude A, period T 


and duration to with rise and fall times of t, then: 











A /3tyt2ty (ty+ty) 
Arms = 3T Aavg = T 
=A x 0.278 
Amplitude of the nth harmonic: 
t;+t 
sinmnt 7/T sinan ( : 
gy ee eee ee ee 
: ave ty tt, 
mnt ,/T 7m ( 1 


=A0.1575 x sin(0.0124n)sin(0.247n) 
3.06 x 10-3 x n2 





Circuit Diagram of the MC1391. 


The output pulse width is adjusted by the resistive 


APPENDIX C 


effective value generates the curve shown in Figure 9. 


_e 


APPENDIX D 





FIGURE C-1 


Calculating the contribution of each harmonic to the total 





pin 8 should be close to 1 K&2. To advance the static 
phasing, a small resistor (100 2) can be placed between 


divider at pin 8. For stable operation, the impedance at 
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APPENDIX E 


The MC1391 Oscillator Circuit. 

If it is assumed that Q7 is initially off, then the capa- 
citor connected from pin 7 to ground will be charged by 
an external resistor (Ry) connected to pin 6. As soon as 
pin 7 voltage exceeds 5 V, the potential at Qg base, Q7 
will conduct allowing Q¢ to supply base current to Qs 
and Qyg. Transistor Q19 sets the base of Qg at approxi- 
mately 2 V. Qs5 then discharges Cy through Ry until pin 7 
reaches 2 V and Q7 turns off again and the cycle repeats. 

The frequency of oscillation is given by: 


| 
6 


R52 RR 
in Pica oles "Edin (OT RUR3EROR3 
and for f, = 15.734 KHz 
t.Q10-4 if R>>R4 

c = charge time constant = R7Cy 
tq = discharge time constant = R4gCy 


For small frequency deviations, the oscillator sensitivity: 





15.734 x Ry 


5V Hz/A 





The sensitivity can be adjusted by changing the external 
resistor Rr. FIGURE E-1 
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APPENDIX F 


Phase Detector Operation of the MC1391P. 

The phase detector consists of the comparator Q15 and 
Qi6 and the gated current source Q);7. Negative going 
sync pulses (1 V to 5 V (pp) at pin 3 turn off Q)9 
allowing Q)7 to conduct. The current division between 
Q1,5 and Q16 during the sync pulse period will be deter- 
mined by the phase relationship between the syncs and 
the sawtooth at pin 4 which is derived from the horizontal 
flyback pulse. If the steep slope of the sawtooth is 
symmetrical about the sync pulse (Figure F2), then Q)5 
and Q16 will each conduct for half the sync pulse period. 
When the sawtooth is just less than 2 V, Q15 conducts all 
the Q;7 current, and this current is turned around by Q)8 
to flow out of pin 5. When the sawtooth is above 2 V, 
Q16 conducts and current flows into pin 5; thus the net 
current at balance is zero. When a phase offset occurs, 
there will be an average current flow either in or out of 


pin 5 to speed up or slow down the oscillator. Note that if. 


the sawtooth amplitude is greater than about | V (P- ) 
the change in voltage at pin 4 to completely switc the 
comparator is small compared to the amplitude of the 
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FIGURE F-1 





saw. Switching can be considered instantaneous and the 
detector sensitivity is independent of either the sawtooth 
amplitude or the sync pulse amplitude. 

The average phase detector current goes from zero to 
full output in half the sync pulse width: 


bane (peak x duty cycle) 
= (conduction period) 





Ze. 
_OexIO™™ % 63.5 Alrad. 
0.5 x 4.7 x 0.098 





If the sawtooth is reasonably linear, then the phase de- 
tector output current 


tl = t+yud 


where @ is the phase difference between the oscillator and 
the sync pulse. 
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FIGURE F-2 


APPENDIX G 


Dual Diode Bridge Phase Detectors. 





FIGURE G-1 — Diode Bridge 


In the simple dual diode bridge phase detector, the 
negative going sync pulse tips are clamped to ground by 
D> and the waveform at B is shown in Figure G2(a). The 
output voltage from the bridge due to the sync waveform 
is very small because the diode Dy, is back biassed between 
the sync pulses (when B is very positive) and the imped- 
ance at A, determined largely by the integrating capacitor 
for the flyback pulse, is small compared to the diode load 
resistors. Therefore, when an a.c. coupled sawtooth is 
applied to A and the phase is such that the steep slope of 
the waveform is symmetrical about the sync pulse, the 
waveform at A is as shown in Figure G2(b). The bridge 
output is nominally zero. If the oscillator beings to lead the 
sync pulses, the sawtooth is clamped later on its steep por- 
tion as shown in G2(c) and a net +ve voltage is obtained. This 
voltage is filtered and applied to the control device to 
slow the oscillator down. Similarly for a lagging oscillator, 
a net —ve voltage is developed to speed the oscillator up 
(Figure G2(d)). Notice that the output voltage obtained is 
a maximum at each end of the sawtooth steep slope, i.e., 
the stable operating range is over the flyback pulse width. 
If the flyback pulse width is ¢, radians and the peak-to- 
peak sawtooth amplitude is E volts, then: 


= = volts/radian 
Ps 


and the phase detector output voltage for a phase shift 
between oscillator and sync pulse of +¢ is: 


+E out = tuo 


Obviously, the phase detector sensitivity can be increased 
by increasing the reference sawtooth amplitudes (but not 
to the point where the sawtooth can start the diode D, 
into conduction—the saw amplitude must be less than the 
sync pulse amplitude). Alternatively increasing the slope 
(reducing $,) has the same effect. The simple diode de- 
tector is very dependent on the sawtooth shape and ampli- 
tude. If the sync amplitude is large, then the bridge is 





relatively independent of amplitude modulation of the 
syncs, but if these are heavily differentiated amplitude 
modulation will also cause phase modulation when the 
bridge is unbalanced. 
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APPENDIX H 


Derivation of the Approximate Expression Given in Equa- 
tion (10) for the Maximum Pull-In Range. 


The general D.E. for the loop is: 
PP + E(py@c = PP} 


which can be rewritten: 


d¢ _ (i i) 
ab Gig (pyc = Aw 


I+pxT _ |-mtpT 
I+p(1itx)T 1+mt+pT 





Now Fp) i: 


m 
since x = —~ 
m-1 


"() 1—m+pT 


Substituting this in equation (1) gives: 


d@ 1—2m+m 
— + 
ai mw (nit pe Wed = Aw 
If we write Wy = Aw — |= 2m+m"| We 
I 1—~mtpT . 


then Wy is the effective instantaneous impressed fre- 
quency difference, produced by the detuning error of the 
oscillator (Aw) and the frequency drift generated by the 
correction voltage across the filter capacitor. As pull-in 
progresses the right-hand term will cause wy] to be re- 
duced, and the mean value of Wy 


1—2m+ m2 
oe aor aoe 


Since the capacitor bias is generated by applying the mean 
phase detector output mwc¢ to the filter 


f1—2m+m? 
|1—m+pT 


— ——_© 


If it is assumed that the average bias across the filter capa- 
citor will not change significantly during a cycle of the 
beat-note (i.e., the filter time constant is long compared 
to the beat-note frequency), we can find this average bias 
by integrating the loop D.E. over a cycle of the beat-note. 


W, = Aw — Wed 


ae Mw = WI 


Now dt 


Integrating (12) over the beat note period Tpn: 
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ttT pn ttTBN = 
“e dt J: MW = 


{ t+T pn 


—27 + MW.d = —W|TBN 


t 


The integral in the above equation is the area under a 
cycle of phase detector output and this integral, divided 
by the beat note period will give the mean d.c. component 
of the output: 


1.€., —-MW > = —Wy + Wen 


.. The mean d.c. component Wo¢ = 2 {W, = Wan} (13) 


When the phase detector generates a cycle of the beat note 
in the time Tpyn, it will have operated in two regions—the 
stable region for a time t, and the unstable region for a 
time t,, such that: 

] l 





TBN ts t ty 


Solving equation (13) in the region ¢.: 














tg tOs/2 de 
mw dt = Wy 
med. 
- —Os/2 ° 
tOg/9 
| : oe ol 
a Ce OL, mon °) 
95/2 
\ 2 
oe ae ss 
rail iis loge 1 2Wy 3 
MWe, 
Similarly during ¢,: 
2 
MWeGcty aren a eres 
gu mee Pe 
MW O. 7 
ae MW Ps 
BN’ TBN 2 | 
loge 1 + 2Wy O40y = 2h 


Substituting this expression into Ey (12) gives 














Zell [— Mee ¥s 
— @ 
2 Wy 
+ = 
loSe L MN) « Ps 
Now: 
== 1—2m+m2 —-- 
W, = Aw — { 2mm | Woh 
—_m+ ee 
1 wb = e nee Aw—-Wy 
1—2m+m2 
Aw Wy T 2d Wi 











~ (=m) (1m) ~ (1--m)2 at 


using partial fractions and noting T = RC = const. 


Substituting equation in the above: 











MW Qe = mAcw 
L loge 2 ean) 
2Wy 
re MWg, —! 





~ (=m) © (1—m) dt “4 











2W 
Putting K = representing the average frequency 
ve difference 
and Kg= are representing the initial frequency 
iP difference 
a ee 
and multiplying the equation by — 
CMS 
21-m) m_ dk 
ae ct) oe ea. a 
a 
( 1—m re dk 
a mT K, —K + 2(1—m) 


K+] 
loge Kol i} 


If the mean average frequency (K) decreases with time 
then the initial frequency difference (K,) is within the 


pull-in range. Putting Tp for the limit time to pull-in from 

















Vetuowe = 
as I] 4 
1 dK 
7 + 
loge fey. 
Ky 
m 
In the limit, if Tp is real: 
1 , 2.1—m) 
Kj —Kt+ Kal 0 
lose (1) 
or Ko= K — Aan) limit 
loge 41 


For a maximum, 





) - 


d 
qq (Ko) = 0 = 4(1—m)-({K-1) (K+1) lo8e | Kj 





l i 
log, (K+1)—log, (K—1) = 2 a: er +} 


* A(—m) © (K+1)(K-1) 4 ps) if (K) > 1 


ie., K= 


2(1—m) 


lo pat ei a ee 
(yet!) "(ym 7) 
1 2(1—m)3 


“2 / m(3+m) 








1 it 





_ see ym 


i.e., Maximum pull-in range Afpyay = (+m) 


@ 
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